Abstract: This research is devoted to the peristaltic flow of Eyring-Powell nanofluid in an asymmetric channel. Robins-type (convective) boundary conditions are employed in the presence of mixed convection and magnetic field. The basic equations of Eyring-Powell nanofluid are modeled in wave frame of reference. Long wavelength and low Reynolds number approach is utilized. Numerical solution of the governing problem is computed and analyzed. The effects of various parameters of interest on the velocity, pressure rise, concentration and temperature are discussed and illustrated graphically. Brownian motion parameter and thermophoresis parameter facilitates the increase in temperature of fluid. Biot numbers serve to reduce the temperature at channel walls.
Introduction
Fluid transport by peristalsis has vital role in industry, biology and engineering. It is the inherent property of smooth muscles and occurs due some electrochemical reactions. Here physiological fluids are pumped from one place to another. Since the work of Latham [1] several theoretical and experimental investigations have been carried out in order to understand the peristaltic flows of hydrodynamic fluids. A typical example of peristaltic movement in nature has been provided by esophagus in human body. Peristalsis occurs once food has entered mouth. Similarly, many biological fluids show peristaltic behavior such as: urine transport from the kidney to the bladder through the ureter, transport of spermatozoa in the duc-tus efferentes of the male reproductive tract, movements of ovum in the fallopian tubes, vasomotion of small blood vessels, as well as mixing and transporting the contents of the gastrointestinal passage. Industrial aspects include food and paper, heart lung machine, ceramic and porcelain industry, chemical industry, dialysis machine etc. Nuclear industry employs peristalsis to prevent outside environment contamination. Majority of mentioned applications involve non-Newtonian fluid moving in tubes due to wall deformation.
Most of the biological fluids such as blood (at low shear rate), chyme and food bolus are viscoelastic in nature. Motivated by such considerations few related investigations on the topic may be represented through the studies [2] [3] [4] [5] . Importance of convective heat exchange with peristalsis cannot be under estimated due to its wide ranging applications in translocation of water in tall trees, dynamics of lakes, lubrication and drying technologies, diffusion of nutrients out of blood, oxygenation, hemodialysis and nuclear reactors. Heat transfer involves many complex processes such as evaluating skin burns, destruction of undesirable cancer tissues, dilution technique in examining blood flow, metabolic heat generation and radiation between surface and its environment , paper making, food processing. The simultaneous effects of heat and mass transfer are of great interest in chemically distillatory processes, formation and dispersion of fog, environmental pollution, food processing, lubrication technologies and several others. Motivated by such facts some recent researchers put forward the analysis of peristaltic flows in the presence of heat/mass transfer [6] [7] [8] [9] [10] .
It is observed that the intra-uterine fluid flow caused due to myometrical contractions is peristaltic in nature and these myometrical contractions occurs both in symmetric and asymmetric directions. It also occurs when embryo enters the uterus for implantation. The contraction inside the non-pregnant uterus is much complicated because they are composed of variable amplitudes and different wavelengths. In view of this, the important contributions of peristaltic transport [11] [12] [13] [14] have been studied in the symmetric and asymmetric channels.
Influence of magneto -hydrodynamic (MHD) on peristaltic flow problems have gained significance on the basis of engineering and biomedical applications. Bio-magnetic fluid dynamics in medical science has wide range of applications such as stoppage of bleeding during surgeries, cancer tumor treatment, cell separation, targeted transport of drug using magnetic particles as drug carriers etc. Magnetic field may be utilized as a blood pump in carrying out cardiac operations for the blood flow in arteries with arterial disease like arterial stenosis or arteriosclerosis. Some mentionable studies include [15] [16] [17] [18] .
Presently, increase of thermal conductivity of base fluid by Nano fluids has motivated many researchers. The Choi's term "Nano fluid" [19] refers to a liquid suspension containing ultrafine particles having diameter less than 50 nm. These particles are present in the metals such as (Al, Cu), oxides (Al 2 O 2 ), carbides (SiC), nitrides (SiN) or nonmetals (graphite, carbon nanotubes, Nano fibers, Nano sheets, droplets). Choi proved that solid nanoparticles with length 1-50 nm enhance the effective thermal conductivity and the convective heat transfer of the base fluid. Increase in the thermal conductivity occurs due to the presence of two main effects namely the Brownian diffusion and the thermophoretic diffusion of the nanoparticles. Some mentionable studies on Nano fluids have been carried in the investigations [20] [21] [22] .
Eyring-Powell is a kind of a model of a non-Newtonian fluid that includes elasticity in addition to viscosity. The Eyring-Powell model can describe the shear of a nonNewtonian flow and is derived from the theory of rate processes. This model can be used in some cases to describe the viscous behavior of polymer solutions and viscoelastic suspensions over a wide range of shear rates. Model can well-represent fluid elasticity and is simple to application in experimental and analytical studies [23, 24] .
With the all above motivations in mind, a theoratical model for peristaltic flow of Eyring-Powel nanofluid with convective boundary conditions is developed. Substancial effects like magenetic field , mixed convection and asymmetry of channel are considered. To the best of my knowledge, this problem has not been studied before. It could serve as bridge to fill the gap in existing literature. It can also serve to motivate other researchers to step further in this diection.
Mathematical formulation
Consider the flow of Eyring-Powell Nano fluid in a twodimensional horizontal channel of width d 1 + d 2 . Sinusoidal waves of length λ are travelling with constant speed c along channel walls. Cartesian coordinates X ,Ȳ system is taken in such a way that wave propagate in x direction. Here y direction is taken transverse to it. The electric field is taken as zero. Further, the contribution of induced magnetic field is neglected subject to small magnetic Reynolds number. A constant magnetic field of strength B 0 acts in the transverse direction. Let y = h 1 and y = h 2 be the upper and lower boundaries of channel described by the following expression [11] [12] [13] [14] :
whereā 1,ā2 are the wave amplitudes and the phase difference φ varies in the range 0 ≤ φ ≤ π. The case φ = 0 is subjected to the symmetric channel with waves out of phase and the waves are in phase for φ = π. Further λ is the wavelength,t the time andā 1,ā2 
The Robins boundary conditions for temperature distribution are expressed as [25, 26] −κ ∂T ∂y
where Z is the heat transfer coefficient at wall, k is thermal conductivity, T w is walls temperature. The expression of Cauchy stress tensor T for considered fluid model is [23, 24] :
Here μ is the coefficient of shear viscosity and β and c * are the material constants. Considering
In fixed frame, the equations of continuity, motion and heat and mass for Eyring-Powell Nano fluid, in presence of mixed convection and applied magnetic field are [11, 26] :
in which ρ denotes the density of fluid, η the couple stress fluid parameter, B o the magnetic field, T the temperature, C p the specific heat, σ the electrical conductivity,Ū andV are velocities, μ the viscosity, D T the thermophoretic diffusion coefficient,C the concentration, k is coefficient of thermal expansion, k is coefficient of concentration expansion, g the acceleration due to gravity, p is the pressure, D B is Brownian diffusion coefficient, τ = (ρc 1 )p /(ρc 1 ) f the ratio of the specific heat capacity of the nanoparticle material and heat capacity of the fluid, K the thermal diffusivity, c 1 is the volumetric volume expansion coefficient, and ρp is the density of the particle, SX X ,SXȲ ,SȲȲ are components of extra stress tensor S. Renolds number is small and magnetic reynolds number is not considered because induced magnetic field is neglected.
Introducing the Galilean transformations [9, 10] between fixed X ,Ȳ and wave frame (x,ȳ)
the fundamental Eqs. (6)- (9), under application of Eq. (10) become the following in wave frame
Using Eq. (2) 
The approximation of long wavelength and small Reynolds number δ = 0 has been proved to be applicable for chyme transport in small intestine where c = 2 cm/min, a = 1.25 cm and λ = 8.01 cm. Ratio of half width to wavelength i.e. a /λ= 0.156 is very small. Further, the sagittal cross section of the uterus reveals a narrow channel enclosed by two fairly parallel walls. Frequency, amplitude wavelength and velocity of the fluid-wall interface during a typical contractile wave were found to be 0.01 − 0.057 Hz, 0.05 − 0.2 mm, 10 − 30 mm and 0.5 − 1.9 mm/s respectively. Therefore utilizing Eq. (17), Eq. (18) and adopting long wavelength analysis, continuity Eq. (11) is satisfied and Eqs. (12)- (16) yield:
1 Pr 
Selecting Z 1 and Z 2 as to be the heat transfer coefficients at upper and lower wall of considered geometry, the dimensionless boundary conditions are defined by
where η1 = Z 1 d 1 /k and η2 = Z 1 d 1 /k are Biot numbers at upper and lower walls. The dimensionless walls surfaces are given by
The dimensionless time mean flow rate F in the wave frame is related to the dimensionless time mean flow rate θ in the laboratory frame
The pressure rise ΔP λ is defined as
Methodolgy
Eqs. (22)- (24) are non-linear coupled equations. These differential equations subject to stated boundary conditions are solved for concentration distribution, pressure gradient, stream function and temperature distribution by utilizing built-in routine of symbolic computational software Maple.
Discussion of analysis
Numerical results have been analysed in this section. A comparison of considered shear stresses at the walls of channel is given in Figs. 1-4 . Fig. 1(a-c) explains the peristaltic pumping. It is noticed from Figs. 1a and 1b that Δp λ increases with Gt and Gc in all the pumping regions. Basically pumping phenomenon divides the pumping region into four parts. The upper right-hand quadrant (I) denotes the region of peristalsis pumping, where θ > 0 (positive pumping) and ΔP λ > 0 (adverse pressure gradient). In this region the positive value of θ is entirely due to peristalsis after overcoming the pressure difference. Quadrant (II), where ΔP λ < 0 (favorable pressure gradient) and θ > 0 (positive pumping), is designated as augmented flow (copumping region). In this region negative pressure difference assists the flow due to peristalsis of walls. Quadrant (IV), such that ΔP λ > 0 (adverse pressure gradient) and θ < 0, is called retrograde or backward pumping. In this region flow is opposite to the direction of the peristaltic motion. Free pumping region corresponds to ΔP λ = 0. This flow is caused purely by peristalsis of walls. There is no flow in the last Quadrant (III). There is an inverse linear relation between ΔP λ and θ. The Behavior of emerging parameter M on pressure rise per wavelength ΔP λ is illustrated in Fig. 1c . The dimensionless pressure rise per wavelength versus time-averaged flux θ has been plotted. Figure 1c shows that pumping rate increases by increasing M in retrograde region while decreases in augmented pumping and free pumping regions. There is specific value of θ (−0.5) for which there is no difference between viscous and Eying Powell fluids. Moreover, pressure rise per wavelength is larger in magnetohydrodynamic flow as compared to hydrodynamic case.
Figs. 2(a-f) are plotted to elaborate results of flow characteristics. Variations of directly influencing parameters are aimed to discuss. . It is observed that velocity profile is maximum and increases at the center of channel under the influence of θ, A, B and M. Flow is more inclined towards the lower wall (Fig. 2(b-c) ) and increases by increasing values of local and mass Grashof numbers. Fig. 2f shows that there is decrease in velocity at the center of the channel when M is increased while an opposite behavior is observed near the walls (y = h 1 and y = h 2 ).
Heat/Temperature distribution is constructed by considering convective boundary conditions which states that heat transfer from wall to fluid or fluid to wall is proportional to difference of temperature between them. Effect Pr enhances viscosity of fluid which in turns enhances the concentration distribution. Fig. 4b shows the effect of Nt on the concentration when the other parameters are fixed. It shows decreasing behavior of Nt on concentration distribution Ω throughout the channel and near the walls h 1 and h 2 . 
Conclusions
A detailed analysis is presented for peristaltic transport of Eyring-Powell Nano fluid in an asymmetric channel with mixed convection and convective boundary conditions. The main findings of the presented study are listed below.
The effect of temperature distribution is directly proportionate to Brownian motion parameter and thermophoresis parameter. -
The magnitude of pumping rate increases with local and mass Grashof numbers in all pumping regions. -Velocity profile is maximum at the center of channel. -Concentration distribution increases in channel when Pr and Nb are increased. -Biot numbers have significant effects to lower the dimensionless temperature at the lower and upper walls of channel.
